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Introduction {#cssc201601171-sec-0001}
============

In Nature, green plants, cyanobacteria, and algae utilize solar energy to split water and fix CO~2~ for the production of biomass. In this process, photosynthesis, water is oxidized catalytically to O~2~ \[Eq. (1)\] by the oxygen‐evolving complex (OEC), which comprises an asymmetric Mn~4~CaO~5~ cluster.[1](#cssc201601171-bib-0001){ref-type="ref"} The splitting of water into O~2~ and H~2~ is an attractive approach for the production of clean and sustainable chemical energy. For this to be realized, mimicking or even surpassing the efficiency of the OEC is a critical issue for the development of commercially viable synthetic water oxidation catalysts (WOCs). Considerable progress has been made during recent years in the development of molecular catalysts for water oxidation based on transition metals, such as Mn,[2](#cssc201601171-bib-0002){ref-type="ref"} Co,[3](#cssc201601171-bib-0003){ref-type="ref"} Fe,[4](#cssc201601171-bib-0004){ref-type="ref"} Cu,[5](#cssc201601171-bib-0005){ref-type="ref"} Ir,[6](#cssc201601171-bib-0006){ref-type="ref"} and Ru, Eqn.[(1)](#cssc201601171-disp-0001){ref-type="disp-formula"}.[7](#cssc201601171-bib-0007){ref-type="ref"} $$\left. 2\, H{}_{2}O\rightarrow O{}_{2} + 4\, H{}^{+} + 4\, e{}^{-} \right.$$

Among the developed WOCs, single‐site Ru‐based catalysts are among the most efficient for the oxidation of water as they offer synthetic flexibility, and facilitate mechanistic studies. The majority of these studies have employed (NH~4~)~2~\[Ce^IV^(NO~3~)~6~\] (ceric ammonium nitrate; CAN) as a terminal oxidant; however, other chemical oxidants have also been explored, such as \[Ru(bpy)~3~\]^3+^ (bpy=2,2'‐bipyridine),[3a](#cssc201601171-bib-0003a){ref-type="ref"}, [7g](#cssc201601171-bib-0007g){ref-type="ref"} OCl^−^,[8](#cssc201601171-bib-0008){ref-type="ref"} and HSO~5~ ^−^.[9](#cssc201601171-bib-0009){ref-type="ref"}

In general, an ideal ligand scaffold should be able to bind strongly to the metal center(s), stabilize the metal in high oxidation states efficiently, and be resistant to oxidation. In this regard, negatively charged ligand frameworks are an appealing solution as they can stabilize the oxidized metal species formed within the water oxidation catalytic cycle.[10](#cssc201601171-bib-0010){ref-type="ref"} Modification of the ligand framework can result in a dramatic change in reactivity, mechanism, and longevity of the developed WOCs.[11](#cssc201601171-bib-0011){ref-type="ref"} Recently, our group developed a single‐site Ru‐based catalyst **1** (Figure [1](#cssc201601171-fig-0001){ref-type="fig"}), which mediates chemical and photochemical water oxidation with high efficiency under neutral conditions both by pregenerated and photogenerated \[Ru(bpy)~3~\]^3+^.[12](#cssc201601171-bib-0012){ref-type="ref"} The benzimidazole moiety embedded in the ligand structure was shown to act as a redox and proton transfer mediator, which leads to the increased activity of the catalyst. Inspired by these results, we were motivated to explore related benzimidazole‐based Ru complexes for water oxidation. Herein we report the synthesis and characterization of single‐site Ru complex **2**. The developed complex was found to catalyze water oxidation efficiently both chemically using \[Ru(bpy)~3~\]^3+^ and CAN as oxidants at pH 7.2 and 1.0, respectively, and photochemically assisted by a photosensitizer, \[Ru(bpy)~3~\]^2+^, and Na~2~S~2~O~8~ as a sacrificial electron acceptor. Additionally, the generation of a formal high‐valent Ru^VI^ species as a possible key intermediate during the catalytic oxidation of water was observed using ESI‐HRMS. This work highlights the importance of the designed ligand framework to stabilize the metal center in high‐valent oxidation states during the catalytic process.

![Molecular structures of single‐site Ru complexes **1** and **2**.](CSSC-9-3448-g001){#cssc201601171-fig-0001}

Results and Discussion {#cssc201601171-sec-0002}
======================

Synthesis and characterization {#cssc201601171-sec-0003}
------------------------------

The ligand 2‐(2‐carboxyphenyl)‐1*H*‐benzo\[*d*\]imidazole‐4carboxylic acid (H~3~cbc) and the related single‐site Ru complex **2** were synthesized according to Scheme [1](#cssc201601171-fig-5001){ref-type="fig"}. The heating of a suspension of 2‐carboxybenzaldehyde and 2‐amino‐3‐nitro‐benzoic acid in ethanol followed by the addition of a freshly prepared aqueous solution of Na~2~S~2~O~4~ and the subsequent stirring of the reaction mixture at 70 °C for 5 h afforded H~3~cbc as a pale yellow solid in 70 % yield.

![Synthesis of H~3~cbc and Ru complex **2** (pic=4‐picoline).](CSSC-9-3448-g007){#cssc201601171-fig-5001}

Ligand H~3~cbc was heated to reflux with Et~3~N and \[Ru(DMSO)~4~Cl~2~\] in methanol under N~2~ followed by the addition of an excess amount of 4‐picoline with continued heating to afford the desired single‐site Ru complex **2**, which was characterized fully by IR spectroscopy, ^1^H NMR spectroscopy, elemental analysis, and ESI‐HRMS. As a result of the paramagnetic shift exerted by the Ru^III^ d^5^ ion in **2**, the ^1^H NMR spectrum displayed broadened peaks. The Ru^III^ center was, therefore, reduced by the addition of 1.5 equivalents of ascorbic acid to give a diamagnetic Ru^II^ complex with sharp ^1^H NMR peaks (Figure S3 in the Supporting Information). The ESI‐HRMS signal at *m*/*z*=661.1109 could be assigned to the molecular ion \[**2**\]^+^ and supports the structure of complex **2** (Figure S4).

The electrochemical properties of complex **2** were investigated using cyclic voltammetry (CV) and differential pulse voltammetry (DPV; Figures S5--S8). Under neutral conditions (0.1 [m]{.smallcaps} phosphate buffer, pH 7.2), the voltammograms displayed an intense electrocatalytic wave with an onset potential of approximately 1.04 V versus the normal hydrogen electrode (NHE), which was ascribed to electrocatalytic water oxidation (Figure S5). Furthermore, four peaks were observed in the DPV of **2** that were assigned to the Ru^III^/Ru^II^ (0.06 V vs. NHE), Ru^IV^/Ru^III^ (0.51 and 0.68 V vs. NHE), and Ru^V^/Ru^IV^ (1.04 V vs. NHE) redox couples (based on comparison with the results from the DFT calculations). The redox potentials of complexes **1**, **2**, and some related mononuclear Ru complexes are shown in Table [1](#cssc201601171-tbl-0001){ref-type="table"}. The low redox potentials of complex **2** reflect the beneficial effect of the rational design of the dicarboxylate ligand.

###### 

Redox potentials for complex **2** and related single‐site Ru complexes. ![](CSSC-9-3448-g009.jpg "image")

  Entry      Complex   *E* ~1/2~ \[V vs. NHE\]   Ref.                       
  ---------- --------- ------------------------- ------------ ------ ------ -------------------------------------------------
  1^\[a\]^   **1**     0.56                      0.59         0.75   1.16   [12](#cssc201601171-bib-0012){ref-type="ref"}
  2^\[a\]^   **2**     0.06                      0.51, 0.68   1.04   --     This work
  3^\[b\]^   **7**     0.46                      0.84         1.05   --     [10b](#cssc201601171-bib-0010b){ref-type="ref"}
  4^\[a\]^   **8**     0.35                      0.72         0.92   --     [10h](#cssc201601171-bib-0010h){ref-type="ref"}

\[a\] Electrochemical measurements were performed in an aqueous phosphate buffer solution (0.1 [m]{.smallcaps}, pH 7.2). All potentials were obtained from DPV and are reported vs. NHE. \[b\] Electrochemical measurements were performed in an aqueous phosphate buffer solution (0.05 [m]{.smallcaps}, pH 7.0) that contained 10 % acetonitrile.
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Notably, the thermodynamic parameters derived from the electrochemical measurements are dependent on various factors, such as heterogeneous electron transfer kinetics, mass‐transport regime, and coupled chemical reactions. Thus, the assigned values from different studies should be compared with caution.[13](#cssc201601171-bib-0013){ref-type="ref"}

Catalytic water oxidation with chemical oxidants {#cssc201601171-sec-0004}
------------------------------------------------

The ability of complex **2** to catalyze water oxidation was evaluated using the sacrificial oxidants CAN and \[Ru(bpy)~3~\]^3+^ at pH 1.0 and 7.2, respectively. The mixing of the solution of the catalyst and the solid oxidant resulted in an immediate O~2~ evolution without any induction period and the amount of produced O~2~ was monitored in the gas phase using real‐time MS (Figures [2](#cssc201601171-fig-0002){ref-type="fig"} a and [3](#cssc201601171-fig-0003){ref-type="fig"} a). The initial rate of water oxidation with CAN as oxidant was pseudo‐first order in **2**, which indicates that a single Ru site is involved in the rate‐determining step of the catalytic cycle (Figure [2](#cssc201601171-fig-0002){ref-type="fig"} b; rate=*k* ~obs~×\[**2**\], in which *k* ~obs~ is the pseudo‐first‐order rate constant). At a fixed concentration of **2** (50 μ[m]{.smallcaps}), the oxidation was also pseudo‐first order in CAN (Table [2](#cssc201601171-tbl-0002){ref-type="table"}, entries 3 and 7--10, Figure [2](#cssc201601171-fig-0002){ref-type="fig"} c). The turnover number (TON) increased from 35 to 360 upon dilution of the complex from 100 to 1 μ[m]{.smallcaps}. The initial turnover frequency (TOF=O~2~ evolution rate/amount of **2** per second) of **2** can be calculated by converting the measured rate constant *k* ~obs~ (0.04), which yields a moderate initial TOF of 0.08 s^−1^.

![a) Plots of O~2~ evolution versus time at various concentrations of Ru complex **2**. The catalytic experiments were performed by the addition of an aqueous CF~3~CH~2~OH/CF~3~SO~3~H (0.1 [m]{.smallcaps}, pH 1.0, 0.5 mL; v/v 2.5:97.5) solution that contained complex **2** in various concentrations to CAN (100 m[m]{.smallcaps}). b) Initial rates of O~2~ evolution as a function of the concentrations of complex **2** (1.0--50 μ[m]{.smallcaps}) at a fixed CAN concentration (100 m[m]{.smallcaps}). c) Plot of initial rate of O~2~ evolution against CAN concentrations (5--100 m[m]{.smallcaps}) at a fixed concentration of complex **2** (50 μ[m]{.smallcaps}).](CSSC-9-3448-g002){#cssc201601171-fig-0002}

![a) Plots of O~2~ evolution versus time at various concentrations of Ru complex **2**. Reaction conditions: An aqueous phosphate buffer solution (0.1 [m]{.smallcaps}, pH 7.2, 0.5 mL) that contained complex **2** was added to \[Ru(bpy)~3~\](PF~6~)~3~ (5.1 mg, 5.1 μmol). b) Initial rates of the O~2~ evolution plotted as a function of the concentration of complex **2** (0.033--33 μ[m]{.smallcaps}) at a fixed concentration of \[Ru(bpy)~3~\](PF~6~)~3~ (5.1 μmol).](CSSC-9-3448-g003){#cssc201601171-fig-0003}

###### 

Summary of the catalytic activity of Ru complex **2** in chemical water oxidation using CAN as the oxidant.^\[a\]^

  Entry   \[**2**\] \[μM\]   \[CAN\] \[mM\]   O~2~ \[nmol\]   TON^\[b\]^
  ------- ------------------ ---------------- --------------- ------------
  1       100                100              1746            35
  2       75                 100              1230            33
  3       50                 100              1008            40
  4       25                 100              614             50
  5       10                 100              295             59
  6       1                  100              180             360
  7       50                 75               808             32
  8       50                 50               725             29
  9       50                 25               333             13
  10      50                 5                308             12

\[a\] Reaction conditions: An aqueous CF~3~CH~2~OH/CF~3~SO~3~H (0.1 [m]{.smallcaps}, pH 1.0; v/v 2.5:97.5, 0.50 mL) solution that contained the desired concentration of complex **2** was added to the appropriate amount of CAN, and the reaction was performed for 60 min. \[b\] TON=nmol O~2~ per nmol catalyst.
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To compare the catalytic performance of the single‐site Ru catalyst **2** with that of **1**, \[Ru(bpy)~3~\]^3+^ was employed as oxidant and all measurements were conducted under similar catalytic conditions as those reported previously for complex **1**.[12](#cssc201601171-bib-0012){ref-type="ref"} Complex **2** revealed an impressive catalytic activity for water oxidation, which resulted in a maximum TON of 3100 and an initial TOF of \>2 s^−1^ (Figure [3](#cssc201601171-fig-0003){ref-type="fig"} a, Figure S9, and Table [3](#cssc201601171-tbl-0003){ref-type="table"}). A plot of the initial rates against catalyst concentration revealed a linear dependence, which indicates a pseudo‐first‐order kinetic behavior of **2** (Figure [3](#cssc201601171-fig-0003){ref-type="fig"} b). Notably, the oxygen evolution rate with \[Ru(bpy)~3~\]^3+^ is at least 25 times faster than that with Ce^IV^ as a terminal oxidant. The TONs reported for different Ru‐based WOCs that utilize \[Ru(bpy)~3~\]^3+^ as an oxidant are given in Table [4](#cssc201601171-tbl-0004){ref-type="table"}.

###### 

TONs and TOFs at different concentrations for Ru complex **2** using \[Ru(bpy)~3~\]^3+^ as the chemical oxidant.^\[a\]^

  Entry   \[**2**\] \[μM\]   TON \[mol${}_{O{}_{2}}$  mol~cat~ ^−1^\]   TOF \[mol${}_{O{}_{2}}$  mol~cat~ ^−1^ s^−1^\]
  ------- ------------------ ------------------------------------------ ------------------------------------------------
  1       33                 31                                         0.02
  2       10                 78                                         0.04
  3       3.3                218                                        0.11
  4       0.33               575                                        0.33
  5       0.033              3100                                       2.1

\[a\] Reaction conditions: An aqueous phosphate buffer solution (0.1 [m]{.smallcaps}, pH 7.2, 0.50 mL) that contained complex **2** was added to \[Ru(bpy)~3~\](PF~6~)~3~ (5.1 mg, 5.1 μmol), and the reaction was performed for 25--40 min.
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###### 

Comparison of TONs for different Ru‐based water oxidation catalysts using \[Ru(bpy)~3~\]^3+^ as chemical oxidant.

  Catalyst                          TON \[mol${}_{O{}_{2}}$  mol~cat~ ^−1^\]   Ref.
  --------------------------------- ------------------------------------------ ------------------------------------------------------
  **1**                             4000                                       Ref. [12](#cssc201601171-bib-0012){ref-type="ref"}
  **2**                             3100                                       This work
  **8**                             280                                        Ref. [10h](#cssc201601171-bib-0010h){ref-type="ref"}
  \[Ru(H~2~pdca)(pic)~3~\]^\[a\]^   400                                        Ref. [10i](#cssc201601171-bib-0010i){ref-type="ref"}
  \[Ru(bda)(pic)~2~\]^\[b\]^        30                                         Ref. [14](#cssc201601171-bib-0014){ref-type="ref"}

\[a\] H~4~pdca=2,6‐pyridine‐dicarboxamide. \[b\] bda=2,2′‐bipyridine‐6,6′‐dicarboxylate. pic=4‐picoline.
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Photochemical water oxidation using \[Ru(bpy)~3~\]^2+^‐type photosensitizers {#cssc201601171-sec-0005}
----------------------------------------------------------------------------

To evaluate the ability of the single‐site Ru complex **2** to mediate light‐driven water oxidation, a three‐component system that consisted of a photosensitizer (\[Ru(bpy)~3~\]^2+^), Na~2~S~2~O~8~ as a sacrificial electron acceptor, and **2** was employed under visible‐light irradiation. At pH 7.2 and a catalyst concentration of 10 μ[m]{.smallcaps}, a moderate TON of 40 was obtained. However, a decrease of the catalyst concentration to 0.33 μ[m]{.smallcaps} resulted in a TON of 330 (at pH 7.2) and an even higher TON of 600 if the reaction was conducted at pH 6.0 (Figure [4](#cssc201601171-fig-0004){ref-type="fig"}). The higher maximum TON at a lower pH is most likely because of the higher stability of the oxidized photosensitizer under these conditions. The replacement of the mild photosensitizer \[Ru(bpy)~3~\]^2+^ with the stronger \[Ru(bpy)~2~(deeb)\]^2+^ photosensitizer (*E* ~1/2~ (Ru^III^/Ru^II^)=1.40 V vs. NHE; deeb=diethyl(2,2′‐bipyridine)‐4,4′‐dicarboxylate) did not improve the catalytic activity (Figure S10).

![Light‐driven water oxidation catalyzed by Ru complex **2**. Reaction conditions: An aqueous phosphate buffer solution (0.1 [m]{.smallcaps}, pH 7.2, or 6.0, 0.50 mL) that contained complex **2** was added to the photosensitizer \[Ru(bpy)~3~\](PF~6~)~2~ (0.60 m[m]{.smallcaps}) and Na~2~S~2~O~8~ (20 m[m]{.smallcaps}).](CSSC-9-3448-g004){#cssc201601171-fig-0004}

High‐resolution mass spectrometry analysis {#cssc201601171-sec-0006}
------------------------------------------

To enter the catalytic cycle, complex **2** has to undergo picoline (pic)--water ligand exchange, in which one of the picoline ligands is replaced by water to form a Ru‐aqua species.[10](#cssc201601171-bib-0010){ref-type="ref"}, [12](#cssc201601171-bib-0012){ref-type="ref"} ESI‐HRMS analysis of an aqueous solution of complex **2** revealed a peak at *m*/*z* 604.0282 (Figures [5](#cssc201601171-fig-0005){ref-type="fig"} a, b and [6](#cssc201601171-fig-0006){ref-type="fig"}), which corresponds to the diaqua species \[(Hcbc)Ru^III^(OH~2~)~2~(pic)~2~\]^+^ (**3 d** or **3 e**; vide infra). This observation suggests that picoline--water exchange for Ru complex **2** could occur at the Ru^III^ state, which enables proton‐coupled electron transfer (PCET) and easy access to higher redox states. Subsequently, ESI‐HRMS was used to provide support for possible reaction intermediates that may form during water oxidation catalysis with **2**. Analysis of an aqueous solution of complex **2** that contained 15 equivalents of the oxidant \[Ru(bpy)~3~\]^3+^ revealed a signal at *m*/*z* 601.1095 in positive mode, which can be assigned to the high‐valent Ru^VI^‐oxo species \[(Hcbc)Ru^VI^(O)~2~(pic)~2~\]+H^+^ (\[**6 d**/**6 e**+H^+^\]^+^), and the observed isotopic pattern is consistent with the proposed structure (Figures [5](#cssc201601171-fig-0005){ref-type="fig"} c and d, and [6](#cssc201601171-fig-0006){ref-type="fig"}).

![a) High‐resolution mass spectrum of the \[(Hcbc)Ru^III^(OH~2~)~2~(pic)~2~\]^+^ diaqua species (\[**3 d**/**3 e**\]^+^) of complex **2** in positive mode, b) the simulated spectrum, c) high‐resolution mass spectrum of \[(Hcbc)Ru^VI^(O)~2~(pic)~2~+H^+^\] {\[**6 d**/**6 e**+H^+^\]^+^} in positive mode obtained after the addition of 15 equivalents of the oxidant \[Ru(bpy)~3~\](PF~6~)~3~ to an aqueous solution of **2**, and d) the simulated spectrum.](CSSC-9-3448-g005){#cssc201601171-fig-0005}

![Optimized structures of selected Ru‐aqua complexes and diaqua intermediates involved in water oxidation for Ru complex **2**. The formal oxidation states are highlighted, distances are given in Å, and spin densities for selected atoms are indicated in gray italic.](CSSC-9-3448-g006){#cssc201601171-fig-0006}

Computational modeling and DFT calculations {#cssc201601171-sec-0007}
-------------------------------------------

To explain the redox behavior of **2**, DFT calculations were performed on the ligand‐exchange reaction and the redox processes. At neutral pH, complex **2** in the Ru^III^ state was found to have a total charge of +1 (as the imidazole N atom is protonated), which is a doublet and the spin density on Ru is 0.83. The picoline‐water ligand exchange for **2** at this oxidation state was investigated subsequently. Similar to that in complex **1**,[12](#cssc201601171-bib-0012){ref-type="ref"} the equatorial picoline exchange to form aqua complex **3 b** is slightly favored (endergonic by 10.4 kcal mol^−1^) compared to the axial picoline exchange to form complex **3 c** (endergonic by 14.0 kcal mol^−1^; Figure [6](#cssc201601171-fig-0006){ref-type="fig"}). Our previous study revealed that the equatorial and axial picoline exchanges for **1** are endergonic by 11.7 and 14.2 kcal mol^−1^, respectively. Therefore, the energy penalty for the ligand exchange for **2** is smaller than that of **1**, which suggests the faster formation of the Ru^III^‐aqua complex (**3 b**). Both complexes **3 b** and **3 c** have a total charge of +1, and the energy of species **3 c** was calculated to be +3.6 kcal mol^−1^ relative to **3 b**. The p*K* ~a~ of the aqua ligand in **3 b** was calculated to be 8.9. Interestingly, the Ru‐bound water molecule in complex **3 c** forms a hydrogen bond to the carboxylate group with a distance of 1.68 Å. Next, the one‐electron reduction potentials of complexes **2**, **3 b**, and **3 c** were calculated to be −0.08, −0.11, and −0.01 V, respectively. Under experimental conditions, complex **2** should be the dominant species in solution, and the calculated value of −0.08 V for the reduction of **2** agrees reasonably well with the experimental data (0.06 V; Table [5](#cssc201601171-tbl-0005){ref-type="table"}).

###### 

Comparison of experimental and calculated redox potentials \[V vs. NHE\] for different intermediates derived from Ru complex **2**.

  Experimental^\[a\]^   Calculated^\[b\]^                                  
  --------------------- ------------------- ------- ------- ------- ------ ------
  Ru^III^/Ru^II^        0.06                −0.08   −0.11   −0.01   --     --
  Ru^IV^/Ru^III^        0.51, 0.68          1.20    0.77    0.62    0.50   0.49
  Ru^V^/Ru^IV^          1.04                --      1.12    1.11    0.89   1.08
  Ru^VI^/Ru^V^          --                  --      1.40    1.50    0.91   0.95

\[a\] Potentials were obtained using DPV in an aqueous phosphate buffer solution (0.1 [m]{.smallcaps}, pH 7.2). \[b\] Calculated at the B3LYP\*‐D2 level (for further details see Supporting Information). Species b and d correspond to equatorial picoline displaced by water, and c and e correspond to axial picoline displaced by water.
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The oxidation of Ru^III^ complexes **3 b** and **3 c** to generate the Ru^IV^ complexes **4 b** and **4 c**, respectively, was then evaluated (Figure S13). It could be established that both oxidations were coupled with the release of two protons from the aqua ligand. The redox potentials were calculated to be 0.77 and 0.62 V, respectively, which is close to the two experimentally observed peaks (0.68 and 0.51 V). Therefore, these two peaks were assigned to the Ru^IV^/Ru^III^ transitions that originate from two geometric isomers. Complexes **4 b** and **4 c** are both triplets and are close in energy, and the spin densities suggest that the formal Ru^IV^ complexes **4 b** and **4 c** are best described to feature a Ru^III^‐oxyl radical. The following oxidation of **4 b** and **4 c** had a different nature. The oxidation of **4 b** to produce **5 b** is suggested to be a PCET process (*E*=1.12 V) as the p*K* ~a~ of the protonated **5 b** was calculated to be 6.8. However, the **4 c**→**5 c** transition is a one‐electron oxidation process (*E*=1.11 V) as the p*K* ~a~ of complex **5 c** was calculated to be 8.9. Importantly, the two calculated potentials are very close, which agrees with the fact that only a single peak at 1.04 V is observed experimentally. The subsequent one‐electron oxidation of **5 b** leads to the formal high‐valent Ru^VI^ complex **6 b**, which is a doublet and best formulated as a hybrid electronic structure of Ru^VI^=O and Ru^V^−O^⋅^. The redox potential for this transition was calculated to be 1.40 V. Instead, the oxidation of **5 c** to **6 c** is a PCET process associated with a potential of 1.50 V (for further details see the Supporting Information).

As species that correspond to the Ru^III^‐diaqua and Ru^VI^‐dioxo complexes were observed using ESI‐HRMS, the insertion of an additional water molecule into the Ru‐aqua complexes **3 b** and **3 c** at different redox states was also considered. During this process, the phenyl carboxylate unit dissociates from the Ru center to create an open site for the binding of the incoming water molecule. The addition of water at the Ru^III^ state for complex **3 b** to generate **3 d** is not favored as it was endergonic by 7.0 kcal mol^−1^ (Table S1). Water addition becomes more feasible at higher redox states as it is close to isogonic at the Ru^IV^ state and exergonic at the Ru^V^ and Ru^VI^ states. As complex **6 b** has a total charge of +1, a proton is released into solution during the binding of the second water molecule, which was calculated to be exergonic by as much as 11.9 kcal mol^−1^ \[Eq. [(2)](#cssc201601171-disp-0002){ref-type="disp-formula"}\].$$\left. \left\lbrack \left( {cbc} \right){Ru}{}^{VI}\left( O \right)\left( {pic} \right){}_{2} \right\rbrack{}^{+}\,\;\left( 6\,\mathbf{b} \right) + H{}_{2}O\rightarrow \right.{\left\lbrack \left( {Hcbc} \right){Ru}{}^{VI}\left( O \right){}_{2}\left( {pic} \right){}_{2} \right\rbrack\,\;\left( 6\,\mathbf{d} \right) + H{}^{+}}{\Delta G = - 11.9\,{kcal}\,{mol}{}^{- 1}}$$

The redox potentials for the oxidation of the Ru‐diaqua complexes **3 d** and **3 e** are reported in Table [5](#cssc201601171-tbl-0005){ref-type="table"}, and the optimized structures are presented in Figure [6](#cssc201601171-fig-0006){ref-type="fig"}. The oxidations of **3 d** and **3 e** have very similar redox potentials of 0.495 and 0.494 V, respectively. These two values are lower than that of the oxidation of the corresponding monoaqua complexes **3 b** and **3 c**. At the Ru^IV^ state, water insertion becomes feasible; however, one may only observe the oxidation of the Ru^IV^‐aqua complex as the water addition is likely too slow to be observed on the timescale of the conducted electrochemical measurements. If it reaches the Ru^V^ state, the oxidation of the Ru^V^‐aqua complex is associated with quite a high redox potential (1.4 V). If water insertion becomes the dominant pathway, the oxidation of the Ru^V^‐diaqua complex can occur with a relatively low redox potential (0.912 and 0.947 V for complexes **5 d** and **5 e**, respectively; Figure S18).

Proposed catalytic pathway for O−O bond formation {#cssc201601171-sec-0008}
-------------------------------------------------

Based on the obtained results, a catalytic cycle for water oxidation mediated by complex **2** was proposed (Scheme [2](#cssc201601171-fig-5002){ref-type="fig"}).[7n](#cssc201601171-bib-0007n){ref-type="ref"} The catalytic cycle is initiated by the formation of catalytically active Ru^III^‐aqua species **3** from complex **2** through ligand exchange of an equatorial picoline ligand by a water molecule. The Ru^III^‐aqua complex **3 b** undergoes two PCET events to furnish the active Ru^V^ intermediate **5 b**, which is presumed to be in equilibrium with the formal Ru^V^‐dioxo species **5 d**. This high‐valent Ru^V^ species can be further oxidized to the corresponding Ru^VI^‐dioxo complex **6 d** (Figure [5](#cssc201601171-fig-0005){ref-type="fig"} c and d), which is believed to be responsible for mediating O−O bond formation in which an additional one‐electron oxidation results in the release of O~2~.

![Postulated mechanism for water oxidation by Ru complex **2**.](CSSC-9-3448-g008){#cssc201601171-fig-5002}

Conclusions {#cssc201601171-sec-0009}
===========

A single‐site Ru^III^ complex **2** based on the negatively charged ligand cbc^3−^ has been developed. This study shows how rational ligand design can produce a water oxidation catalyst with a low onset potential, which allows water oxidation to be driven by the one‐electron oxidants \[Ru(bpy)~3~\]^3+^ and (NH~4~)~2~\[Ce^IV^(NO~3~)~6~\]. The catalytic activity of the developed complex **2** was comparable with that of the state‐of‐the‐art Ru‐based water oxidation catalysts using \[Ru(bpy)~3~\]^3+^ (TON up to 3100 with an initial turnover frequency (TOF) of \>2 s^−1^ at pH 7.2), (NH~4~)~2~\[Ce^IV^(NO~3~)~6~\] (TON up to 316 with an initial TOF of \>0.08 s^−1^ at pH 1.0), and \[Ru(bpy)~3~\]^2+^ (TON up to 600 with an initial TOF of \>0.03 s^−1^ at pH 6.0) as the photosensitizer and Na~2~S~2~O~8~ as the sacrificial electron acceptor in light‐driven water oxidation. Experimental studies and DFT calculations support the interesting redox properties of complex **2** and reveal a peculiar operating mechanism that involves Ru‐dioxo species stabilized by hydrogen bonding with the employed ligand. A detailed mechanistic study of the catalytic mechanism is in progress.

Experimental Section {#cssc201601171-sec-0010}
====================

All reactions and other manipulations were performed under nitrogen or argon atmosphere using standard Schlenk techniques. All reagents and solvents were obtained from commercial suppliers and used directly without further purification. The solvents were dried by standard techniques when needed. ^1^H and ^13^C NMR spectra were recorded using a Bruker UltraShield spectrometer at 500 or 400 and 101 MHz, respectively. Chemical shifts (*δ*) are reported in ppm using the residual solvent peak \[\[D~6~\]DMSO (*δ*(H)=2.50 and (*δ*(C)=39.52 ppm); CDCl~3~ (*δ*(H)=7.26)\] as an internal standard. Splitting patterns are denoted as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublets), td (triplet of doublets), and br (broad). ESI‐HRMS was performed using a Bruker Daltonics microTOF spectrometer. IR spectra were recorded using a PerkinElmer Spectrum One spectrometer using solid samples prepared as KBr discs. Elemental analysis was performed by MEDAC Ltd (Chobham, Surrey, UK). \[Ru(DMSO)~4~Cl~2~\],[15](#cssc201601171-bib-0015){ref-type="ref"} \[Ru(bpy)~3~\](PF~6~)~3~,[16](#cssc201601171-bib-0016){ref-type="ref"} \[Ru(bpy)~3~\](PF~6~)~2~,[17](#cssc201601171-bib-0017){ref-type="ref"} and \[Ru(bpy)~2~(deeb)\](PF~6~)~2~ [18](#cssc201601171-bib-0018){ref-type="ref"} were synthesized according to literature methods.

Synthesis of 2‐(2‐carboxyphenyl)‐1*H*‐benzo\[*d*\]imidazole4‐carboxylic acid (H~3~cbc) {#cssc201601171-sec-0011}
--------------------------------------------------------------------------------------

A suspension of 2‐carboxybenzaldehyde (1.00 g, 5.25 mmol) and 2‐amino‐3‐nitrobenzoic acid (0.79 g, 1.57 mmol) in EtOH (30 mL) was prepared and stirred at room temperature for 20 min under N~2~, followed by the addition of a solution of Na~2~S~2~O~4~ (3.00 g, 17.24 mmol) in water (30 mL). The reaction mixture was stirred under N~2~ at 70 °C for 5 h. The formed yellow precipitate was collected by filtration, washed with water (3×15 mL) and EtOH (3×15 mL), and dried under reduced pressure to afford the title compound as pale yellow solid (1.3 g, 70 %). ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=13.18 (bs, 3 H), 7.92 (m, 3 H), 7.84 (dd, *J*=7.5, 1.5 Hz, 1 H), 7.66 (td, *J*=7.5, 1.5 Hz, 1 H), 7.61 (td, *J*=7.5, 1.5 Hz, 1 H), 7.32 ppm (t, *J*=7.8 Hz, 1 H); ^13^C NMR (101 MHz, \[D~6~\]DMSO): *δ*=169.3, 167.2, 153.8, 143.7, 135.4, 134.0, 131.5, 131.0, 130.4, 130.1, 130.0, 124.7, 123.4, 121.6, 115.8 ppm; IR (KBr disc): $\widetilde{\nu}$ ~max~=3069, 2920, 2521, 1707, 1627, 1575, 1548, 1461, 1375, 1350, 1279, 1185, 1119, 1008, 859, 764 cm^−1^; ESI‐HRMS (*m*/*z*): calcd for C~15~H~10~N~2~O~4~ \[*M*+H\]^+^: 283.0719; found 283.1037.

Synthesis of complex 2 {#cssc201601171-sec-0012}
----------------------

H~3~cbc (150 mg, 0.51 mmol) and Et~3~N (0.60 mL) were added to methanol (6.0 mL) and purged with N~2~ for 10 min. \[Ru(DMSO)~4~Cl~2~\] (258 mg, 0.51 mmol) was then added, and the reaction mixture was heated to reflux for 24 h under N~2~. 4‐Picoline (1.20 mL, 12.0 mmol) was added to the reaction mixture followed by further heating to reflux for 48 h. The dark‐brown crude reaction mixture was concentrated to dryness and then redissolved in methanol (1.0 mL). The addition of water (2.0 mL) yielded a dark‐green precipitate. The precipitate was isolated by filtration, washed with water (3×10 mL) and diethyl ether (3×10 mL), and dried under reduced pressure. The resulting product was purified by preparative TLC using glass plates coated with silica gel F~254~ (toluene/ethyl acetate mixture v/v 1:1 as eluent) to afford **2** as a dark‐green solid (288 mg, 82 %). ^1^H NMR (500 MHz, CDCl~3~): *δ*=8.47 (d, *J*=6.0 Hz, 1 H), 8.43 (d, *J*=6.6 Hz, 6 H), 8.28 (d, *J*=6.0 Hz, 2 H), 8.10 (d, *J*=7.9 Hz, 1 H), 7.97 (d, *J*=7.9 Hz, 1 H), 7.47 (d, *J*=7.9 Hz, 1 H), 7.12 (d, *J*=5.1 Hz, 1 H), 6.90 (d, *J*=6.4 Hz, 6 H), 6.80 (d, *J*=6.0 Hz, 1 H), 2.63 (s, 3 H), 2.35 ppm (s, 6 H); IR (KBr disc): $\widetilde{\nu}$ ~max~=3433, 2977, 2938, 2604, 2496, 1618, 1495, 1443, 1397, 1127, 1036, 813, 1119, 764 cm^−1^; ESI‐HRMS (*m*/*z*): calcd for C~33~H~29~N~5~O~4~Ru \[**2**\]^+^: 661.1266; found 661.1109; elemental analysis (%) calcd for C~34~H~33~ClN~5~O~5~RuS~0.5~ (\[**2**\]Cl⋅0.5 H~2~O⋅0.5 DMSO): C 54.87, H 4.47, Cl 4.76, N 9.41; found: C 54.68, H 4.37, Cl 4.82, N 9.29.

Electrochemistry {#cssc201601171-sec-0013}
----------------

Electrochemical measurements were performed using a potentiostat (CHI 750E, USA) interfaced to a personal computer and using a glassy carbon disk (diameter 3 mm) as the working electrode, a platinum wire as the counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. The electrolyte used was an aqueous phosphate buffer solution (0.1 [m]{.smallcaps}, pH 7.2) or triflic acid (0.1 [m]{.smallcaps}, pH 1.0). All potentials are reported vs. NHE using the \[Ru(bpy)~3~\]^3+^/\[Ru(bpy)~3~\]^2+^ couple (*E* ~1/2~=1.26 V vs. NHE[19](#cssc201601171-bib-0019){ref-type="ref"}) as a standard.

Chemical water oxidation {#cssc201601171-sec-0014}
------------------------

A stock solution of the Ru catalyst was made either in CF~3~CH~2~OH/CF~3~SO~3~H (v/v 2.5:97.5, 0.1 [m]{.smallcaps} CF~3~SO~3~H) or in phosphate buffer (0.1 [m]{.smallcaps}, pH 7.2) when CAN or \[Ru(bpy)~3~\](PF~6~)~3~ was used as oxidants, respectively. The catalyst solutions used in the catalytic experiments were then prepared by diluting the stock solution to the desired concentration using either triflic acid (0.1 [m]{.smallcaps}, pH 1.0) or phosphate buffer (0.1 [m]{.smallcaps}, pH 7.2). The resulting solutions were then purged with argon for at least 15 min before the catalytic experiments. Typically, the oxidant was placed in the reaction chamber and evacuated for at least 10 min. Subsequently, approximately 40 mbar He was introduced into the system followed by injection of the deoxygenated catalyst solution (0.50 mL). The evolved oxygen was then recorded over time using an MKS MicroVision Plus residual gas analyzer. See Ref. [2b](#cssc201601171-bib-0002b){ref-type="ref"} for a detailed description of the setup used.

Photochemical oxidation using \[Ru(bpy)~3~\]^2+^‐type photosensitizers {#cssc201601171-sec-0015}
----------------------------------------------------------------------

The light source in these experiments was a halogen lamp. The reaction chamber was placed in a 100 mL glass vessel filled with water to avoid the heating of the system during catalysis and to filter out the UV light. The temperature was maintained at 16 °C using a circulating water‐cooling system. Typically, the photosensitizer \[Ru(bpy)~3~\]^2+^ or \[Ru(bpy)~2~(deeb)\]^2+^ in acetonitrile (0.60 m[m]{.smallcaps}) and Na~2~S~2~O~8~ (20 m[m]{.smallcaps}) were placed in the reaction chamber. The system was then evacuated with a rough pump to remove acetonitrile, and He was introduced into the system. After 15 min, the catalyst solution (0.50 mL) of the desired concentration was injected, and after an additional 5 min the light was switched on. The evolved oxygen was then recorded over time using an MKS MicroVision Plus residual gas analyzer.

Computational modeling and DFT calculations {#cssc201601171-sec-0016}
-------------------------------------------

The quantum chemical calculations were performed using the Gaussian 09 program package.[20](#cssc201601171-bib-0020){ref-type="ref"} Geometries were optimized at the B3LYP[21](#cssc201601171-bib-0021){ref-type="ref"}level using the effective core potential SDD[22](#cssc201601171-bib-0022){ref-type="ref"} basis set for Ru and the 6‐31G(d,p) basis set for the C, N, O, and H elements. Based on the optimized geometries, the final and the solvation energies in water were computed as a single‐point using the SMD[23](#cssc201601171-bib-0023){ref-type="ref"} continuum solvation model using the B3LYP\* functional (15 % exact exchange)[24](#cssc201601171-bib-0024){ref-type="ref"} and a larger basis set, in which all elements, except Ru, were described by 6--311+G(2df,2p). Previously, it was shown that B3LYP\* provides good redox potentials in photosystem II and some artificial water oxidation catalysts.[2h](#cssc201601171-bib-0002h){ref-type="ref"}, [7n](#cssc201601171-bib-0007n){ref-type="ref"}, [25](#cssc201601171-bib-0025){ref-type="ref"} For the solvation free energy of water in water, the experimental value of −6.3 kcal mol^−1^ was used.[26](#cssc201601171-bib-0026){ref-type="ref"} A concentration correction of 1.9 kcal mol^−1^ derived from the change of standard state in the gas phase (24.5 L mol^−1^ at 298.15 K) and in the water solution (1 mol L^−1^) was added for all species except water, for which 4.3 kcal mol^−1^ was used inasmuch as the standard state of the water solvent is 55.6 [m]{.smallcaps}. Analytical frequency calculations were performed at the same level of theory as the geometry optimization to obtain the Gibbs free energy corrections. The B3LYP\*‐D2 free energies are reported, which include Gibbs free energy corrections from B3LYP and D2 dispersion corrections proposed by Grimme.[27](#cssc201601171-bib-0027){ref-type="ref"} For the calculation of the redox potentials, exactly the same approach as in our previous study was adopted. Consequently, only some essential points are repeated here. The experimental absolute redox potential of the standard hydrogen electrode in water (4.281 V) was used as a reference,[28](#cssc201601171-bib-0028){ref-type="ref"} which corresponds to an electron affinity of 98.72 kcal mol^−1^. For the calculation of p*K* ~a~ values, the experimental value of −264.0 kcal mol^−1^ for the solvation free energy of a proton is used,[26](#cssc201601171-bib-0026){ref-type="ref"} and the total Gibbs free energy of a proton in water is −270.3 kcal mol^−1^.
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